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We report a highly unusual temperature dependence in the magnetoresistance of a weakly in- 
teracting high mobility 2D electron gas (2DEG) under a parallel magnetic field and in the current 
configuration 7 _L B. While the linear temperature dependence below 10 K and the exponential 
temperature dependence above 40 K agree with existing theory of electron-phonon scattering, a 
field induced resistivity saturation behaviour characterized by an almost complete suppression of 
the temperature dependence is observed from approximately 20 to 40 K, which is in sharp con- 
trast to the phenomenology observed in the configuration I \\ B. Possible origins of this intriguing 
intermediate temperature phenomenon are discussed. 

PACS numbers: 73.43. Qt, 75.47.Gk 



The dependence of resistance on temperature is a key 
experimentally observable feature of electronic systems, 
and provides an important testing ground for theoreti- 
cal models of the microscopic scattering mechanisms at 
play. For the well understood Fermi liquid theory based 
systems, scattering is usually governed by the low energy 
excitations near the Fermi surface, and resistance typi- 
cally decreases as the temperature is lowered since there 
are fewer states to scatter from and into. Nevertheless, 
lowering the thermal energy can often allow other effects 
to become more prominent, some of which can give rise 
to a negative or more generally non-monotonic temper- 
ature dependence. These include disorder-related effects 
such as Anderson localizatiorpJ^I^ Coulomb interaction re- 
lated effects such as Mott physic^, various spin-related 
phenomena and other interaction-driven quantum phase 
transitions, all of which require working at the lowest pos- 
sible temperatures. In contrast, the intermediate tem- 
perature regime from K to ~77 K has been relatively 
neglected. This is perhaps not surprising, since at a suffi- 
ciently high temperature the dominating electron-phonon 
scattering typically results in a strong positive tempera- 
ture dependence, which has been well understood in con- 
ventional metals over a century ago, and in 2DEG over 20 
years agcP^. Therefore, it is highly unusual and counter- 
intuitive to observe a nearly flat temperature dependence 
in the intermediate temperature regime in a Fermi liquid 
system, which is what we report in this work. 

The application of a magnetic field brings another di- 
mension of possibility to the electrical transport prop- 
erties. While applying a magnetic field perpendicular 
to a 2D system lea ds to the extensively studied quan- 
tum Hall physicd^, here we focus on the relatively un- 
explored case when the field is applied parallel to the 
2D conducting plane. In a typical quantum well 2DEG 
sample, the parallel field induced quasiparticle cyclotron 
motion is largely forbidden by the confinement potential. 



and it is often assumed that the most important effect 
of the parallel field is spin polarizatiorPtlSl. However, 
for a 2DEG with a large quantum well width, the cou- 
pling between the field and the z degree of freedom of the 
quasiparticle motion can be highly nontrivial when the 
magnetic length Z|| = \J j§^^ becomes comparable to the 

quasiparticle confinement width = \J < >, giving 
rise to mixing of 2D subbands. In a previous study^, 
in the low temperature limit (< 1 K) and in both the 
current configurations J || B and / _L B, the impact 
of the magneto-orbital coupling has been observed as a 
colossal magnetoresistance (CMR) with two changes in 
slope in the vicinity of 9 T, where the condition w is 
met. This is in good agreement with the magneto-orbital 
coupling theoretical arguments, suggesting that the 2D 
system gradually evolves into a novel quasi-3D phase in 
this field range, as different 2D subbands become strongly 
coupled. 

The magneto-orbital coupling has a profound and un- 
expected impact on the temperature dependence of the 
2DEG in the electron-phonon scattering regime. Naively, 
the -T II -B case might be expected to be relatively sim- 
ple, since the Hamiltonian 2^iP ~ sA)^ has no field 
term along the current direction; we nevertheless find 
an apparent field-induced metal-insulator transition phe- 
nomenology characterized by a sign change in the tem- 
perature slope below ~10 K^^l. The "transition" 
occurs within a narrow field window near ~ 10.5 T in- 
stead of a single critical field, and coincides with the 2D 
to quasi-3D crossover transition. This has been inter- 
preted as a quantum-classical crossover effect The 
negative temperature slope is not related to a true "in- 
sulator" phase (in fact, the metallicity parameter kpX 
remains large at high fields, A being the mean free path), 
but an indication of a field-suppressed Fermi tempera- 
ture Tf{B) ^ T in the quasi-3D phase. We note that 
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this "classical" regime is accessible in conventional met- 
als {Tp ~ 10^ K) only in the plasma phase. By contrast, 
in our case the electron-phonon scattering is still dom- 
inant at an intermediate temperature range (> 10 K), 
signalling a novel regime for theoretical understanding 
and experimental exploration. 

In this work, we explore the temperature dependence 
in the / _L B case on the same 2DEG sample. Surpris- 
ingly, the phenomenology here is distinctively different 
from that in the I \\ B case. It does not show the neg- 
ative temperature slope below ~10 K at all. Instead, 
the system remains largely "metallic" (^^p > 0) below 
~20 K and above ~40 K, while in the intermediate range 
the temperature dependence of resistance is largely sup- 
pressed by a parallel magnetic field as low as 5 T. The 
distinct phenomenologies, occurring at field and temper- 
ature ranges that differ by about a factor of two, suggest 
that the contrasting behaviours may result from entirely 
different mechanisms, although both could ultimately be 
driven by the same magneto-orbital coupling. The occur- 
rence of these contrasting and distinct phenomenologies 
in a nearly ideal Fermi gas system poses an intriguing 
theoretical challenge. The flat temperature dependent 
resistivity observed in the intermediate (^^20 - 40 K) tem- 
perature range is somewhat reminiscent of the resistivity 
saturation in metals for T > 600 K typicalljEl. 

The sample used in this study is a typical Al- 
GaAs/GaAs/AlGaAs 2D system with an ultra- high mo- 
bility of /i ~ 10^ crri^/V ■ s. It is chosen with a charge 
carrier density of n ~ 10^^ cm~^ so that the spin po- 
larization effect is very weak {Ez/Ep less than 10 % at 
10 T). The electron-electron interaction energy E^e is 
also comparable to the Fermi energy Ep = is 
about 1.8 in 2D and 1 in quasi-3D), allowing the sys- 
tem to be described as a weakly interacting Fermi liquid. 
Given the very high mobility, disorder and localization 
effects should not play a significant role. In such a high 
mobility sample, we expect the resistivity behaviour in a 
magnetic field to be dominated by the modification of the 
fermi surface of the 2DEG, and its interaction with the 
phonon bath. The well width is chosen to be 40 nm so 
that the magneto-orbital coupling effect is strong— , and 
only a single subband is occupied at zero field. The sam- 
ple has a rectangular shape with a long-to-short axis ratio 

3:1. Except where noted, both the longitudinal resis- 
tance Rxx and the Hall resistance Rxy were measured in 
the rectangular Van der Pauw geometry using a standard 
low frequency (13.5 Hz) lock-in technique, with 100 nA 
current being applied along the long axis. Using an in 
situ rotation stage, the 2D electron plane of the sample 
was carefully aligned to be parallel to the applied mag- 
netic field by nulling the Hall resistance. The qualitative 
behavior of R^xiB, T) was confirmed to be insensitive to 
possible angular systematic errors. Its robustness against 
possible field and temperature errors was also verified by 
reproducing the data in three facilities with distinctively 
different field, temperature control and thermometry set- 
tings. Unless otherwise stated, the data we present here 



were taken in the NHMFL hybrid magnet facility, which 
supplied magnetic fields from to 45 T. 
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FIG. 1. (Color online) Examples of longitudinal resistance 
Rxx as a function of field at several temperatures in the config- 
uration I A- B. Inset: the normalized resistance as a function 
of field at several temperatures (matching those in the main 
panel) in the configuration / _L B. 

The field dependence of R^x is shown in Fig. [T] At all 
temperatures from 1.8 K to 43 K, the resistance increases 
with an increasing field. The low temperature (< 4.2 K) 
data are consistent with that of a previous low tempera- 
ture (< 1 K) studjISl. With an increasing temperature, 
the qualitative shape of the magnetoresistance remains 
largely unchanged. 

Our main finding, a resistivity saturation behaviour 
in the intermediate (~20 - 40 K) temperature regime 
before optical phonon scattering becomes important, is 
presented in Fig. [2j Fig. [2^ shows examples of the low 
field temperature sweep data taken at T, 5 T, 8.5 T 
and 10.5 T. At zero field, the resistance increases lin- 
early with temperature, while above ^40 K an exponen- 
tial increase becomes apparent. These temperature de- 
pendences are well described by an established theorjHI^ 
as the signatures of the electron-acoustic-phonon scatter- 
ing and electron-optical-phonon scattering respectively. 
However, starting from 5 T, we observe the development 
of an apparent suppression of the temperature depen- 
dence in an intermediate temperature range from approx- 
imately 10 to 40 K. This suppression becomes stronger 
as the magnetic field increases, and at ~8.5 T develops 
into an astonishing ~ plateau that covers a large 
intermediate temperature range from about 20 to 40 K. 
Above ~9 T, gradually becomes weakly negative 

with an increasing field. Above 11.5 T, Rxx{T) at differ- 
ent fields were extracted from the field sweep data taken 
at several fixed temperatures, but similar resistance satu- 
ration behaviours were still observed, as shown in Fig. [2];. 
In fact, the weakly negative slope of Rxx{T) from 20 K 
to 40 K persists to the highest field of 45 T, with both 
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its upper and lower boundaries showing only a weak field 
dependence. On the other hand, the linear temperature 
dependence at low temperature (< 10 K) and the ex- 
ponential temperature dependence at high temperature 
(> 40 K) persist from zero field to high magnetic fields, as 
suggested by the normalized resistances shown in Fig.[2]3 
and Fig.f2}i. In both the low field (< 11 T) and high field 
(> 11 T) data, below ~10 K the normalized resistivity 
curves all join a single trend, implying that the acoustic 
phonon scattering remains robust against a strong mag- 
netic field, and that the resistance is simply scaled by 
a field-dependent factor. A similar argument can also 
be applied to the optical phonon scattering, as the ex- 
ponential temperature dependence beginning at > 40 K 
remains apparent at all magnetic fields. If this exponen- 
tially increasing contribution of optical phonon scattering 
is subtracted out from our measured resistivity, then the 
fiat region is extended much further into the higher tem- 
perature regime. Therefore, the resistance saturation in 
the intermediate temperature within the phonon scatter- 
ing regime is truly puzzling. 
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FIG. 2. (Color online) a) Longitudinal resistance Rxx(B,T) 
and b) normalized resistance from T to 10.5 T in the config- 
uration J _L S. c) Longitudinal resistance Rxx{B,T) and d) 
normalized resistance from 11.5 T to 45 T in the configuration 
I A- B. In both the low temperature and high temperature 
limits the qualitative temperature dependence remains qual- 
itatively unsuppressed by the applied magnetic field, but in 
the intermediate region a resistivity saturation is observed. 

To shine more light into this puzzling phenomenol- 
ogy, we compare it with that in the better understood 
I II B shown by the examples in Fig. |3] When 

T — > 0, the qualitative field dependence of the mag- 
netoresistance was found to be relatively independent of 
the current configuratiorP^. However, the magnetoresis- 
tance at higher temperatures was found to be increas- 
ingly anisotropic. In the / || -B case, the resistivity sat- 
uration effect is absent, and below the 2D to quasi-3D 



transition(~ 10.5 T) the temperature dependence is well 
described by the electron-phonon scatterin^^*^ 

e-fc2/T 

Rxx = ai + a2T + bi — - — , (1) 

where oi -I- is the acoustic phonon term, and 62 = 
huj/ks is the effective optical phonon energy. As shown 
in Fig. [3^ (with data taken in the McGill facility) , fitting 
parameter ai{B) seems to be simply the colossal magne- 
toresistance Rxx{B,0) observed in the low temperature 
limits. The fact that 02 and 61 do not show a strong 
field dependence suggests that the phonon scattering is 
largely unaffected by the applied field. This is perhaps 
not surprising, as the quasiparticles moving along the 
field direction should not "see" the magnetic field, but 
only the field-deformed Fermi surface. On the contrary, 
in the J _L B case, below ~10 K the linear (acoustic 
phonon scattering) temperature slope seems to be en- 
hanced by a field-dependent factor. One simple possi- 
bility is that the effective mass m* increases with an in- 
creasing field, resulting in an enhanced Drude resistivity 
p ~ TO* However, a single field-dependent factor can- 
not explain the weakly temperature dependent "plateau" 
above ~20 K, which persists over a large field range, and 
the lower bound of which (< 5 T) is well below the 2D to 
quasi-3D crossover transition ^ 10.5 T. In fact, consider- 
ing the strong field dependence of the linear temperature 
slope below 10 K, it is surprising that the temperature 
dependence in the resistivity saturation plateau is only 
very weakly field dependent. This might imply that there 
is another effect that almost exactly cancels the enhanced 
acoustic phonon scattering in a large temperature win- 
dow. 

The anisotropy persists to very strong fields above the 
the 2D to quasi-3D transition(^ 10.5 T), albeit in a dif- 
ferent way. As shown in Fig. |3]d, in the I \\ B case (with 
data taken in the Toulouse pulse field facility), there is an 
emerging negative temperature slope below 10 K, remi- 
niscent of a metal-insulator transition^^. This behaviour 
has been interpreted as the result of a field suppressed 
Fermi energy Tp{B), as in the classical T ^ Tp regime 
an upturn Rxx oc Tp ffi^ would overcome the positive 
temperature slope induced by electron-phonon scatter- 
ing. However, this upturn is clearly absent in the J _L B 
case (with data taken in the NHFML hybrid magnet fa- 
cility). In fact, the Rxx{B,T) curves in these two config- 
urations show contrasting temperature dependence and 
cross each other below ^ 10 K. 

To summarize, the details of the phenomenology, and 
in particular the relevant energy scales, are markedly 
different in these two current configurations. The only 
resemblance between these two cases is that there is 
still an evolution from positive to negative temperature 
slope in the resistivity saturation regime. One possible 
interpretation could still be a cancellation between the 
quantum-classical crossover induced resistivity going as 
p ^ 1/1^^ and the acoustic phonon induced resistivity 
going as p T. But, given that these two effects have 
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B = 15T, /±e 
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FIG. 3. (Color online) a) The resistance anisotropy data at 

T (black square); 9 T with / || B (red circle); 9 T with 

1 A- B (blue square), extracted from the temperature sweep 
data at fixed fields. The resistivity saturation effect is only 
apparent when I A- B. b) The resistance anisotropy data at 
15 T with / II B (red circles); 15 T with / _L S (blue square), 
extracted from the field sweep data at fixed temperatures. 
The T and the 9 T / || B data can be fit to Eq.l with 
ai = n, 02 = 2.57 nK, hi = 3.45 x 10® QK and 62 = 453K 
(black solid line) and ai = 66.82 fi, 02 = 2.92 Q.K, hi = 
3.45 X lO'^ OK and &2 = 453K (red solid line). The others 
(9 T / _L B data, 15 T / _L B data and 15 T 7 || B data) 
cannot be fit to this functional form, and the dashed lines are 
guides-to-the-eye. 



completely independent physical origins, it is difRcult to 
see such a perfect cancellation over a large temperature 
range. Furthermore, the interpretation of the anisotropy 
and the apparent energy scale differences is of great the- 
oretical challenge. We also note that common mecha- 
nisms that could lead to a negative temperature slope 
such as the spin degree-of-freedom or Coulomb interac- 
tions, can most likely be ruled out in such a high den- 
sity and high mobility sample. The cutoff temperature 
as high as ~20 K also poses a challenge to common in- 
terpretations. Even the magneto-orbital coupling effect, 
which has been successful in the / || -B case, has difhcul- 
ties explaining this phenomenology. Although in the the 
quantum Hall physics case (where J _L B is always sat- 
isfied) field induced change in the functional power law 
of the electron-phonon scattering term has been reported 
befor^^, to the best of our knowledge, a complete sup- 
pression of the overall temperature dependence has never 
been reported. 

It is worth mentioning that certain aspects of the re- 



sistivity saturation phenomenology might have been ob- 
served in other systems under very different conditions. 
In particular, a somewhat similar phenomenology was ob- 
served in the work by Gao et al.'^ below 1 K, with a much 
narrower temperature range and at a lower field range. 
Similarly, an evolution of a non-monotonic temperature 
dependence with the carrier density was reported below 
1 K^^. There are also a few zero field studies with fixed 
carrier density that perhaps show certain phenomenolog- 
ical resemblances to the resistivity saturation behaviour 
at intermediate temperature ranges (Fig. 2 in ref.f^^l). We 
emphasize, however, that none of these studies reported 
a fiat temperature dependence in resistivity over a large 
temperature range as we have discovered. Furthermore, 
our system behaves like a conventional 2D metal below 
~5 T, whereas the non-monotonic temperature depen- 
dence in these other studies already occurs at zero field. 
Also, the resemblances in certain aspects of the phe- 
nomenologies by no means guarantee a similar origin. 
Given that there are so many differences between these 
earlier works and ours (external physical conditions, in- 
trinsic physical parameters, details of phenomenology, 
etc.), at this stage any possible connection between them 
remains completely unclear. 

In conclusion, we have observed the development of a 
resistivity saturation effect in a temperature range from 
^20 to ^40 K, driven by a parallel magnetic field from as 
low as 5 T to as high as 45 T. The strong suppression of 
the temperature dependence of resistivity in a well estab- 
lished metallic system, in a wide and high temperature 
range by a relatively small field, is unprecedented, unex- 
pected and might not be readily understood within the 
current theoretical framework. We believe that we have 
discovered a new transport phenomenon in an interme- 
diate temperature regime. 
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